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Abstract 


Anode-supported planar solid oxide fuel cells (SOFC) were successfully fabricated by a single step co-firing process. The cells comprised 
of a Ni + yttria-stabilized zirconia (YSZ) anode, a YSZ or scandia-stabilized zirconia (ScSZ) electrolyte, a (La9.g5Cap,15)o.97 MnO3 (LCM) + YSZ 
cathode active layer, and an LCM cathode current collector layer. The fabrication process involved tape casting of the anode, screen printing of 
the electrolyte and the cathode, and single step co-firing of the green-state cells in the temperature range of 1300—1330°C for 2h. Cells were 
tested in the temperature range of 700-800 °C with humidified hydrogen as fuel and air as oxidant. Cell test results and polarization modeling 
showed that the polarization losses were dominated by the ohmic loss associated with the electrodes and the activation polarization of the cathode, 
and that the ohmic loss due to the ionic resistance of the electrolyte and the activation polarization of the anode were relatively insignificant. 
Ohmic resistance associated with the electrode was lowered by improving the electrical contact between the electrode and the current collector. 
Activation polarization of the cathode was reduced by the improvement of the microstructure of the cathode active layer and lowering the cell 
sintering temperature. The cell performance was further improved by increasing the porosity in the anode. As a result, the maximum power density 
of 1.5 W cm~? was achieved at 800°C with humidified hydrogen and air. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Solid oxide fuel cells (SOFCs) have gained significant inter- 
est due to their high-energy conversion efficiency, low pollution 
emission, and flexibility with various fuels. Among the basic 
designs of SOFCs, the anode-supported SOFCs are extensively 
investigated because they exhibit higher cell performance com- 
pared to either the electrolyte-supported or cathode-supported 
designs. Maximum power densities of 1.8-1.9 W cm~? at 
800°C have been reported using an anode-supported design 
[1-3]. 

The major challenge for the commercialization of SOFCs is 
reducing the high manufacturing costs. Currently, the production 
cost of batch-processed SOFCs is significantly higher than that 
of conventional power generation systems. Therefore, in recent 
years, enormous research efforts have been directed at the devel- 
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opment of a commercially viable SOFC fabrication technology. 
Conventional SOFC fabrication technologies involve multiple 
sintering steps for a single cell fabrication, and the sintering 
step is one of the most expensive processes during cell fabri- 
cation. Therefore, reducing the number of sintering steps in the 
SOFC fabrication process can greatly lower the manufacturing 
costs. To realize the successful single step co-firing of SOFCs, 
it is critical to lower the sintering temperature of the electrolyte, 
and to minimize the thermal expansion mismatch and sinter- 
ing shrinkage mismatch between the components. Lowering the 
electrolyte sintering temperature allows co-firing of the entire 
cell, while at the same time maintaining sufficient connected 
porosity in the anode and the cathode, which is critical for the 
transport of reactant and product gases. Furthermore, chemical 
interactions between the components are minimized by low- 
ering the firing temperature. For the co-firing of a multi-layer 
SOFC structure, it is also very important to minimize the cell 
camber which occurs due to thermal expansion mismatch and 
sintering shrinkage mismatch between the individual compo- 
nents. This requires careful matching of the thermal expansion 
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coefficients and sintering shrinkages of the individual layers. 
The sintering temperature, the amount of pore former and other 
additives influence the sintering shrinkage of the components. 
Initial experiments focused on measuring the sintering shrink- 
age of the individual components by varying these factors. A 
camber-free flat cell can be achieved by matching the sintering 
shrinkage of the individual components through an engineering 
optimization of these factors [4]. 

In the present work, anode-supported planar SOFCs were 
fabricated by a single step co-firing process. Fabrication pro- 
cesses involved tape casting of the anode, screen printing of the 
electrolyte and the cathode, and a single step co-firing of the 
green-state cells at 1300-1330 °C [4]. The fabricated cells were 
tested in the temperature range between 700 °C and 800°C with 
humidified hydrogen as fuel and air as oxidant. DC polarization 
curves (voltage—current density plots) were obtained from the 
cells, and the cells were also characterized using AC impedance 
spectroscopy. Experimentally measured voltage versus current 
density traces were fitted into a polarization model, and the volt- 
age drops of the cells were separated into various polarization 
losses using the model. The effects of various process param- 
eters on the polarization and the performance of the cells are 
discussed. 


2. Experimental 
2.1. Conductivity measurements of electrolyte materials 


Rectangular bars for electrical conductivity measurements 
were prepared with commercially purchased ScSZ (10 mol% 
Sc203-1 mol% CeO2-89 mol% ZrO2) (Sumitomo) and YSZ 
(8 mol% Y203—92 mol% ZrO2) (Tosoh Corp.) powders with and 
without sintering aids. A 0.2 mol% of aluminum oxide (Alfa 
Aesar) was used as a sintering aid. The electrical conductivity 
was measured by a four-probe DC measurement technique at 
800°C, 750°C, and 700°C. 


2.2. Cell fabrication 


The cells used in the present work were fabricated by 
the single-step co-firing process shown in Fig. 1. Commer- 
cially purchased NiO (J.T. Baker) and 8mol% YSZ (Tosoh 
Corp.) powders were mixed in ethanol and toluene with the 
desired amounts of pore former (Carbon black, Fisher Sci- 
entific), binder (Polyvinyl butyral, Butvar), dispersant (LP1, 
Heraeus), and plasticizer (Benzyl-buty] phthalate, Alpha Aesar) 
for 4h. The average particle size of NiO and YSZ was ~0.8 wm 
and ~0.2 um, respectively, and the weight ratio between NiO 
and YSZ was 1.9:1. After mixing, anode tapes were formed 
by tape casting. The tapes were cut into disc-shaped samples 
and laminated to form ~1 mm thick anode supports. The elec- 
trolyte slurry was prepared by mixing YSZ or ScSZ powders 
and 0.2 mol% of the sintering aid in alpha-terpineol (Alfa Aesar) 
with binder (V6, Heraeus) for 4h, which was applied over the 
anode support by screen printing. For the preparation of slurry 
for the cathode active layer, LCM powder was prepared by mix- 
ing precursors of lanthanum carbonate (Alfa Aesar), calcium 
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Fig. 1. Cell fabrication process. 


oxide (Alfa Aesar), and manganese oxide (Alfa Aesar) and cal- 
cining at 1400°C for 4h. Then, LCM and YSZ powders were 
mixed in a 1:1 weight ratio and milled for 10 h in alpha-terpineol 
with the desired amount of pore former (Carbon black, Fisher 
Scientific) and binder (V6, Heraeus). The average particle size of 
the LCM powder was ~ 1.0 um. After mixing, the cathode active 
layer was screen-printed on top of the electrolyte layer. Slurry 
for the cathode current collector was prepared by mixing LCM 
powder with the desired amount of pore former (Carbon black, 
Fisher Scientific) and binder (V6, Heraeus) in alpha-terpineol. 
The slurry was then applied on top of the cathode active layer 
by screen printing. The sintering shrinkage of each component 
was carefully controlled by the optimization of slurry formula- 
tions of individual layers, and the cell fabrication was completed 
by co-firing the green-state cells in air at 1300—1330°C for 
2h. 


2.3. Cell testing 


Fig. 2 shows the schematic of a single cell test setup. It 
comprises of two alumina tubes, with the cell sandwiched 
between them. A gold gasket was placed on the cathode side, 
and a mica gasket was used on the anode side to seal and 
prevent direct contact between the cell and the ceramic tube. 
Glass paste was applied outside the tubes around the mating 
circumference to ensure a tight seal, and the assembled test 
setup was loaded into the furnace. Platinum or silver mesh 
was used as a current collector on the cathode side, and nickel 
mesh on the anode side. Platinum paste was applied between 
the cathode and the platinum or silver mesh, and nickel paste 
between the anode and the nickel mesh to ensure a good con- 
tact between the meshes and the electrodes. On each side, one 
wire was used as a current lead, and the other as a voltage- 
measurement lead. Humidified hydrogen was circulated over the 
anode, and air was circulated over the cathode. Electrochemical 
measurements were made with a Princeton Applied Research 
PARSTAT® 2273 potentiostat and impedance analyzer, and a 
KEPCO power amplifier over the temperature range from 700 °C 
to 800°C. 
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Fig. 2. A schematic of the single cell test setup. 


2.4. Microstructural characterization 


The cells were sectioned after testing, and they were impreg- 
nated with epoxy in vacuum. After the epoxy hardened, they 
were polished down to 1.0 um, and the cross sections were exam- 
ined using scanning electron microscopy (SEM). The porosities 
and the grain sizes of the electrodes were determined using the 
line intersection method. 


3. Results and discussion 
3.1. Polarization modeling 


The operating cell potential (Ee) is always lower than the open 
circuit potential (Eg) due to various polarization losses, and the 
performance of the SOFC is determined by ohmic, activation, 
and concentration polarization. The operating cell potential can 
be expressed as [5]: 


Es = Eo — i Ri — Nact Nc,conc (1) 


Na,conc 


where i is the current density (Acm~7), R; the area specific 
ohmic resistance of the cell (Q cm?), Nact the activation polar- 
ization (V), Naconc the anodic concentration polarization (V), 
and Neconc is the cathodic concentration polarization (V). 

The area specific ohmic resistance of the cell, R;, includes 
the ionic resistance of the electrolyte, the electronic resistances 
of the electrodes, and the contact resistances associated with all 
of the cell layer interfaces. 

Activation polarization, act, is caused by slow charge transfer 
reactions at the electrocatalyst—electrolyte interfaces, and for 


small currents and/or rapid mass transfer, it is related to the 
current density, i, through the Butler-Volmer equation: 


: F annactF x —(1 — æJnnat F 
i= io exp | —pr } — toexp | — pr (2) 


where ig is an exchange current density, œ the transfer coefficient, 
n the number of electrons transferred, and F is the Faraday’s 
constant. Chen et al. have suggested that the transfer coeffi- 
cient for fuel cell applications is 0.5 assuming a symmetric 
activation energy barrier for both electrode reactions [6]. The 
number of electrons transferred in the overall SOFC reaction, 
Ho(g) + (1/2)02(g8) = H2O(g), is 2. However, the charge-transfer 
reaction rate can possibly be rate-controlled by the transfer 
of either one or two electrons. Thus, the number of electrons 
transferred per electrochemical reaction in the Butler—Volmer 
equation can be either one or two, depending on the reac- 
tion mechanism, and the value chosen in this paper was one 
because the polarization model indicated that it was a one- 
electron transfer reaction mechanisms, determined based on the 
best experimental fit of the results to the model. Therefore the 
charge-transfer reaction for the cells reported in this paper was 
considered to be rate-controlled by the transfer of one electron 
instead of two. It is interesting to note that n was also assumed 
to be 1 in the Butler—-Volmer equation in prior work by Zhu and 
Kee [5]. If the values of æ =0.5 and n = 1 are substituted into Eq. 
(2), the Butler-Volmer equation is expressed as: 


i = ig ex Toot — ig ex _ Toot (3) 
OV RORT ORT 

This equation can also be written in the form of a quadratic 

equation in the term exp(NactF/2RT), i.e. 


Nact F 2 i Nact F = 
> (Fer)] - Ce) e(r) 


Solving this equation for exp(Nactf/2RT) gives 


i IA 
Nact F 1 i i 
ex = +4/(—] +4 5 
ere, 2 o G = 
Thus, the relationship between the activation polarization and 
the current density can be expressed as [7]: 


a nae (6) 
9 = — in — — — 
PETT eae) NA io 


Concentration polarization of the cell, nconc, occurs due to the 
slow mass transport of gas-phase reactant and/or product species 
through the porous anode and cathode. The electrode process 
can be dominated by the concentration polarization at high cur- 
rent densities and/or when the porosity is low or insufficient. 
This results in a convex-up curvature (d? V/di* <0) in the voltage 
versus current trace. If the electrode process is completely dom- 
inated by concentration polarization, limiting current is reached 
and the cell voltage drops rapidly. The anodic concentration 
polarization with H2—-H20 gas mixture as fuel can be expressed 
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as [2,5]: 


Na,conc = 


RT In Pwo PLO 
2F Puy Pto 


RT i RT Pry! 
= Inj 1—- + In | 1+ ——— (7) 

2F las 2F Protas 
where R is the gas constant, F the Faraday constant, Po the 
partial pressure of hydrogen at the interface between the anode 
and electrolyte, PLO, i) the partial pressure of water vapor at the 
interface between the anode and electrolyte, Pini, and Poi 
the partial pressure of hydrogen and water vapor in the anode 
bulk gas respectively, and ias is the anodic limiting current den- 
sity. When the current density is equal to the limiting current ias, 
the interfacial hydrogen partial pressure PRO is zero. Using 
this definition, ias is given by [2] 


ig = Pie Dimo (8) 
RT; 
where DË mo is the effective binary diffusivity of Hz and H2O 
in the anode, and /, is the thickness of the anode. 
The cathodic concentration polarization with air, which is a 
mixture of O2 and N7, can be expressed as [2,5]: 


RT Onli RT j 
in | 2&0 | = nfļ1- 2 (9) 
4F PO, 4F icg 


where Poi is the partial pressure of oxygen at the interface 
between cathode and electrolyte, pg, the partial pressure of 
oxygen in the cathodic bulk gas, and ics is the cathodic lim- 
iting current density. Analogous to the anode, when the current 
density equals the cathodic limiting current density ics, the inter- 
facial oxygen partial pressure Po, (i) 18 zero. Using this definition 
ices is given by [2] 


Ne,cone = 


4Fpo, DA y, 
~ (P— Pò, /P)RTh 


where DË y is the effective binary diffusivity of O2 and No 
in the cathode, le the thickness of the cathode, and p is the total 
gas pressure in the cathode. Here, p was assumed to be constant 
(1 atm) due to the low utilization of air. 

Finally, the relationship between the voltage and the current 
density is obtained by substituting Eqs. (6), (7) and (9) into Eq. 
(1): 


(10) 


les 


RT j RT mi 
4 la (: a ) i hee 
2F las 2F Protas 


Bj 1 11 
TTF n ( = ~) (11) 

The experimental voltage versus current density traces 
from all the measurements were curve-fitted using Eq. (11), 


and Rj, ip, ias, and ics were treated as the fitting parame- 
ters. 


3.2. Effect of electrolyte conductivity on the ohmic 
polarization 


Zirconia-based oxides are the most widely used materials 
as SOFC electrolytes, and among them, YSZ is commonly 
used as an electrolyte in SOFCs. To improve the ionic con- 
ductivity of the electrolytes, scandia-stabilized zirconia can 
be employed, since it exhibits the highest ionic conductivity, 
which has been attributed to the low association enthalpy of the 
defect reactions and the similarity of the ionic radii of Sc*+ 
and Zr** [8-10]. For a successful single-step co-firing, it is 
very important to lower the sintering temperature of the elec- 
trolyte since the electrolyte should be fully densified while a 
sufficient porosity is maintained in the anode and the cath- 
ode. To lower the sintering temperature of the electrolyte, a 
sintering aid can be added to the electrolyte. However, the 
sintering aid should not degrade the electrical properties of 
the electrolyte and impair its function in the SOFC. Fig. 3 
shows the results of the conductivity measurements of ScSZ 
and YSZ with and without sintering aid between 700°C and 
800°C. The conductivity of ScSZ was 0.132 S cm7! at 800°C, 
0.093 Scm7! at 750°C, and 0.061Scm7! at 700°C without 
the sintering aid, and 0.161 S cm! at 800°C, 0.099Scm7! at 
750°C, and 0.048 Scm7! at 700°C with the sintering aid. The 
conductivity of YSZ was 0.063 Scm7! at 800°C, 0.039 S cm7! 
at 750°C, and 0.023 Scm™! at 700°C without the sintering 
aid, and 0.050Scm7! at 800°C, 0.031 Scm™! at 750°C, and 
0.018 S cm! at 700°C with the sintering aid. It shows that the 
conductivity of ScSZ is approximately twice that of YSZ, and 
the sintering aid did not have a significant effect on the con- 
ductivity of either YSZ or ScSZ. Fig. 4 compares the results 
of cell tests at 800°C of two cells, one comprising ScSZ elec- 
trolyte and the other comprising YSZ electrolyte, both featuring 
the sintering aid, with humidified hydrogen (hydrogen bubbled 
through water at 25 °C) as fuel and air as oxidant. All the other 
processes and materials were maintained identical except for the 
electrolyte materials. Both cells were co-fired at 1330 °C, and Pt 
mesh was used for current collection on the cathode side, while 
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Fig. 3. Electrical conductivities of YSZ and ScSZ with and without sintering 
aid at 800°C, 750°C, and 700°C. 
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Fig. 4. Cell test results at 800°C under humidified hydrogen and air for cells 
with different electrolyte materials, one with ScSZ and the other with YSZ. 


Ni mesh was used on the anode side. The maximum power densi- 
ties were 0.58 W cm~? with ScSZ electrolyte, and 0.55 W cm~? 
with YSZ electrolyte. The single cell test results did not show 
any significant difference in cell performance in spite of the 
higher ionic conductivity of ScSZ electrolyte. To analyze the 
contribution of various polarizations on the cell performance, the 
experimentally measured /-V curve was fitted to the polarization 
model described previously, and the fitting parameters includ- 
ing the total area specific ohmic resistance (R;), exchange current 
density (ig), anodic limiting current density (ias), and cathodic 
limiting current density (ices) were obtained. The ohmic resis- 
tance (R;) was separated into contributions from the electrolyte 
(Relectrolyte) and the electrode (Relectrode). The area specific resis- 
tance contribution of the electrolyte was calculated from the 
previously measured conductivity of each electrolyte material 
and the thickness of electrolyte layers. The remaining portion of 
the total ohmic resistance was considered to be the area specific 
resistance associated with the electrodes including the resis- 
tance of the cathode, anode, and the contact resistance of all 
the interfaces. The effective binary diffusivities of H) and H2O 
in the anode (Oe mo) and those of O2 and N2 in the cathode 


(Dn) were calculated from ias and ies which were obtained 
from the fits using Eqs. (8) and (10). The results are shown in 
Table 1. Based on the curve fitting results combined with the 
estimate of the electrolyte contribution to the total area specific 
ohmic resistance obtained from the conductivity measurements, 
the ohmic loss due to the electrolyte, the ohmic loss associ- 


Table 1 
Curve fitting results of the cells with ScSZ and YSZ electrolyte tested at 800°C 
under humidified hydrogen and air 


Fitting parameters Cell with ScSZ Cell with YSZ 
electrolyte electrolyte 

Ri (Q2 cm~?) 0.16 0.18 

Retectrolyte (Q cm7?) 0.011 (7%) 0.024 (14%) 


Retectrode (Q cm7?) 0.149 (93%) 0.156 (86%) 


io (mA cm~?) 398 371 

ias (A cm~?) 3.20 2.99 
De mo (cms!) 0.127 0.120 
ics (A cm~?) 3.07 2.16 
DE y, (cm? s7!) 0.021 0.016 
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Fig. 5. Separation of the polarization losses by modeling on cells (a) with ScSZ 
electrolyte and (b) with YSZ electrolyte. 


ated with the electrodes, the activation polarization loss, and 
the anodic and cathodic concentration polarization losses were 
estimated as a function of current density using the previously 
described model in Eq. (11), and the results are plotted in Fig. 5. 
The YSZ electrolyte contribution is ~12% of the total ohmic 
loss of the co-fired cell, and the ScSZ electrolyte contribution 
is ~7% of the total ohmic loss. These results show that the 
ohmic contribution of the electrolyte is small compared to the 
ohmic contribution associated with the electrodes and the con- 
tacts, and the ohmic polarization of the cell is mainly dominated 
by the ohmic losses associated with the electrodes. An improve- 
ment in the cell performance over a YSZ electrolyte cell was 
not observed with the highly conductive electrolyte material 
since the electrolyte contribution to the overall cell polariza- 
tion is insignificant. Therefore, although electrolyte materials 
exhibiting high ionic conductivity are desirable, it may not be 
an absolute necessity for SOFCs operating at ~800°C, espe- 
cially for cells comprising thin electrolytes. The microstructure 
of the tested cell featuring the YSZ electrolyte is shown in Fig. 6. 
The anode support is ~850 um thick and ~31% porous, the 
electrolyte is ~15 um thick, the cathode active layer is ~33 um 
thick and ~31% porous, and the cathode current collector is 
~54 um thick and 48% porous. The thicknesses and porosities 
of the various layers of the tested cell featuring ScSZ electrolyte 
are nearly identical. SEM images of the electrolyte layers of 
these two cells in Fig. 7 show that YSZ electrolyte is fully 
densified while ScSZ electrolyte contains many micro-pores. 
As mentioned before, it is very important to fully densify the 
electrolyte at a low sintering temperature for successful imple- 
mentation of the single step co-firing process. Therefore, the 
YSZ electrolyte with the sintering aid is considered to be a more 
satisfactory electrolyte than the ScSZ from the stand point of 
cell fabrication: thus all the subsequent cells in the experiments 
described below featured a YSZ electrolyte with the sintering 
aid. 
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Fig. 6. SEM micrograph of the tested cell with YSZ electrolyte. 


3.3. Effect of anode active layer on the activation 
polarization 


Activation polarization occurs due to slow electrode kinet- 
ics, and the relationship between activation polarization and the 
current density is expressed by the Butler—Volmer Eq. (2). As 
used in this paper, the Butler-Volmer equation, the net activa- 
tion polarization contributions of both the cathode and the anode 
are lumped together. Since the activation polarizations from 
both electrodes are lumped into one single polarization equa- 
tion, the contribution of each electrode needs to be determined 
experimentally. The activation polarization is dependent on the 
number of reaction sites which are attributed to the triple phase 
(gas—electrode—electrolyte) boundary (TPB) length in porous, 
two phase mixed conducting electrodes. In the anode, the bound- 
ary between nickel and zirconia particles works as the TPBs, and 
the anodic activation polarization can be reduced by having an 
anode active layer greater than a certain critical thickness, finer 
microstructures and longer TPB length. The anode active layer 
shown in Fig. 8 has such a structure and thickness. The anode 
active layer is 17 wm thick and 25% porous. Therefore, it was 
expected that the anode active layer would improve the electro- 
chemical performance on the anode side due to an increase in the 
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Fig. 8. SEM image of the cell with anode active layer. 
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Fig. 9. Cell test results at 800°C under humidified hydrogen and air for cells 
with and without anode active layer. 


number of effective reaction sites. Fig. 9 shows the results of cell 
tests of two cells, one with an anode active layer and the other 
without an anode active layer, measured at 800°C with humid- 
ified hydrogen (hydrogen bubbled through water at 25°C) and 
air. All the other fabrication processes and materials were main- 
tained identical between the two cells except for the anode active 
layer. Both cells were co-fired at 1330 °C, and Pt mesh was used 
for current collection on the cathode side, while Ni mesh was 
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Fig. 7. SEM micrographs of the cells with (a) ScSZ electrolyte and (b) YSZ electrolyte. 
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Fig. 10. Impedance spectroscopy measurements at open circuit potential for two 
cells, one with anode active layer and the other without anode active layer, under 
humidified hydrogen and air at 800°C. 


used on the anode side. The maximum power density of the cell 
with the anode active layer was 0.57 W cm7?, and that of the cell 
without the anode active layer was 0.55 W cm™°?. In this exper- 
iment, significant enhancement in the cell performance was not 
observed by employing the anode active layer. Fig. 10 shows 
the results of impedance spectroscopy under open circuit con- 
ditions for these two cells with humidified hydrogen (hydrogen 
bubbled through water at 25 °C) and air at 800°C. As described 
in prior work [11—15], the low frequency intercept corresponds 
to the total polarization resistance including ohmic resistance, 
activation polarization resistance, and concentration polariza- 
tion resistance. The high frequency intercept corresponds to the 
ohmic resistance of the cell. Therefore, the sum of the activa- 
tion and concentration polarization resistances can be obtained 
by subtracting the high frequency intercept from the low fre- 
quency intercept. The polarization resistance of the cell with 
an anode active layer was 0.52 Q cm~*, which was of the same 
order of magnitude as that of the cell without the anode active 
layer, 0.51 Q cm7?. In addition, there was no improvement in 
the estimated exchange current density obtained as shown in 
Table 2. The exchange current density represents the net rate of 
electrode processes, and it can be directly related to the activa- 
tion polarization of the cathode and the anode. Therefore, it is 
concluded that the majority of the activation polarization loss 
occurs due to the slow charge transfer reaction in the cathode, 
and the contribution of the anode to the net activation polariza- 
tion is insignificant under the usual test conditions. However, 
preliminary experiments of the effect of anode gas composition 


Table 2 
Curve fitting results of the cells with and without anode active layer tested at 
800°C under humidified hydrogen and air. 


Fitting parameters Cell with active anode Cell without active anode 


Ri (Q cm~?) 0.18 0.18 
Retectrolyte (Q cm7?) 0.024 (14%) 0.024 (14%) 
Retectrode (Q cm7?) 0.156 (86%) 0.156 (86%) 


io (mA cm~?) 344 371 

ias (A cm~?) 2.72 2.99 
De mo (cms!) 0.109 0.120 
ics (A cm7?) 2.89 2.16 
D y, (cm? s7!) 0.020 0.016 


reveal that the anodic activation polarization becomes significant 
as water vapor composition in the fuel increases. The maximum 
power density drops from 1.5 W cm~? to 0.5 W cm7? as water 
vapor composition in fuel increases from 3% to 70%. Therefore, 
the effect of anode active layer becomes more significant at high 
fuel utilization conditions, although it was not obvious under the 
present test condition (97% H2-3% H20). These effects will be 
published in a forthcoming paper. 


3.4. Effect of contact resistance on the ohmic polarization 


Jiang showed that the contact resistance between the elec- 
trode and current collector can contribute significantly to the 
total cell resistance in SOFCs [16]. In our previous polarization 
analysis, it was shown that the contribution of the electrodes to 
the total ohmic loss is much greater than that due to the elec- 
trolyte. The ohmic resistance associated with electrodes contains 
both electrode resistance and contact resistance, and they can be 
separated by estimation of the electrode resistance. The con- 
ductivity of LCM was measured to be 89 S cm™! at 800°C. The 
conductivity of the cathode active layer can be roughly estimated 
as: 


OcaL = Vicmeico + Vyszoysz (12) 


where ocAL, OLCM, and oysz are the conductivities of cath- 
ode active layer, LCM, and YSZ, respectively, and Vicm and 
Vysz are the volume fractions of LCM, and YSZ, respectively. 
The conductivity of the cathode active layer is calculated to be 
~29Scm7! and the area specific resistance of a 30 wm thick 
cathode active layer is about 0.00010 Q cm~?. In a similar man- 
ner, the area specific resistance of 50 um thick cathode current 
collector layer is about 0.00012 Q cm~?. The conductivity of Ni- 
YSZ anode cermet was reported to be ~1200S cm7! at 800°C 
[17], and the area specific resistance of 850 um thick anode is 
calculated to be 0.00007 2 cm~?. Therefore, the total electrode 
resistance including the cathode active layer, the cathode cur- 
rent collector, and the anode is 0.00029 Q cm~. This is less than 
15% of the ohmic resistance associated with electrode. Since the 
geometric factors related to the electrode microstructures such 
as neck formation and connectivity of the conducting phases 
were not considered in the estimation of cathode resistance, the 
actual electrode resistance is expected to be somewhat higher 
than the calculated value. However, it is obvious that the con- 
tact resistance contribution is much larger than the contribution 
of the electrode in the overall ohmic loss associated with the 
electrode. 

According to Meulenberg et al. [18], Ag meshes are stable 
current collectors on the cathode side for SOFC operation tem- 
peratures up to 800°C. Therefore, the effect of lowering the 
contact resistance between the cathode and the current collector 
on the overall cell performance was evaluated using Ag mesh 
on one cell and Pt mesh on the other cell. In both cases, Pt paste 
was applied between the mesh and the electrode to ensure good 
electrical contact. Fig. 11 shows the cell test results wherein the 
current collection method was varied. Pt mesh was used for one 
cell on the cathode for the current collection, and Ag mesh was 
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Fig. 11. Cell test results at 800°C under humidified hydrogen and air for cells 
measured with Pt mesh and Ag mesh for the cathode current collection. 
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Fig. 12. Separation of the polarization losses by modeling on cells measured 
with Ag mesh for the cathode current collection. 


used for the other cell for the cathode current collection. All the 
other processes and materials were maintained identical and both 
cells were co-fired at 1330 °C. These cells were tested at 800 °C 
under humidified hydrogen (hydrogen bubbled through water at 
25°C) and air. The maximum power density of the cell mea- 
sured with Pt mesh on the cathode side was 0.55 Wcm7~2, and 
the maximum power density of the cell measured with Ag mesh 
on the cathode side was 0.91 W cm~?. The maximum power 
density obtained with Ag mesh was about 40% higher than that 
with Pt mesh. Fig. 12 shows that the contribution of the elec- 
trode ohmic loss to the total ohmic loss decreased from 86% 
to 65% by employing Ag mesh as the current collector instead 
of Pt. This result can be rationalized on the premise that the 
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Fig. 13. Cell test results at 800°C under humidified hydrogen and air for cells 
sintered at 1330°C and 1300°C. 


different melting temperatures and softening behaviors of Ag 
and Pt lead to different extents of adhesion of the current col- 
lector to the cathode. The melting temperature of Ag is 961°C, 
and it is significantly lower than that of Pt (1772 °C). The cell 
operating temperature of 800°C is 0.87 times the melting tem- 
perature of Ag, and 0.53 times that of Pt. Thus, Ag is expected 
to be softer than Pt at the operating temperature, which leads 
to a higher interfacial contact area between the cathode and the 
current collector, thus lowering the contact resistance. In SOFC 
stacks, individual cells are connected by interconnects, and the 
overall stack performance is dependent not only on the perfor- 
mance of the individual cells but also on the contact between 
the electrode and the interconnect materials. The significant 
improvement of the cell performance by improving the electri- 
cal contact observed in this experiment indicates that the effect 
of the contact between the electrode and the interconnect on the 
performance of the SOFC stack can be substantial. 


3.5. Effect of cathode microstructure on the activation 
polarization 


In the previous experiment on the anode active layer, it was 
shown that the majority of the activation polarization loss occurs 
on the cathode side. Since the sintering temperature strongly 
affects the microstructures and TPBs of the cathode active layer, 
it is a very important processing parameter that influences the 


(b) 


Fig. 14. SEM micrographs of the cathode active layers of two cells: (a) fired at 1330 °C and (b) fired at 1300 °C. 
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Fig. 15. Impedance spectroscopy measurements at open circuit potential for 
cells sintered at 1330°C and 1300°C. 


cathodic activation polarization [19]. Fig. 13 shows the cell test 
results of two cells fired at different temperatures. One of them 
was fired at 1330°C, and the other at 1300°C. All the other 
processes and materials were maintained identical except for 
the sintering temperature. Ag mesh was used for current col- 
lection on the cathode as before, and Ni mesh was used on 
the anode. These cells were tested at 800°C under humidi- 
fied hydrogen (hydrogen bubbled through water at 25°C) and 
air. The maximum power density of the cell fired at 1330 °C 
was 0.91 Wem, while that of the cell fired at 1300°C was 
1.40W cm’. Lowering the sintering temperature by 30°C 
(from 1330°C to 1300 °C) improved the maximum power den- 
sity by 54% (from 0.91 W cm7? to 1.40 W cm~?) at 800°C 
under humidified hydrogen (hydrogen bubbled through water 
at 25°C) and air. Fig. 14 shows the microstructures of the cath- 
ode active layer of these two cells. The average grain size of the 
cathode active layer of the cell fired at 1330°C was 3.13 wm, 
while that of the cell fired at 1300°C was somewhat smaller at 
2.32 wm. The average grain size of the anode of the cell fired at 
1330 °C was 2.17 um, and that of the cell fired at 1300°C was 
2.09 um. Therefore, decreasing the sintering temperature has 
a more significant effect on the microstructure of the cathode 
active layer than that of the anode. Sintering is a process driven 
by solid state interdiffusion. In composite electrodes with mul- 
tiple phases which also include a pore phase, it is difficult to 
make comparisons of interdiffusion coefficients. However, it is 
interesting to note that the observed results are consistent with 
the higher melting temperature of NiO (1960 °C) than LaMnO3 
(1880 °C), since it is generally known that interdiffusion coeffi- 
cients scale with melting temperature. It has been theoretically 
shown by Tanner et al. that the effective charge-transfer resis- 
tance scales as the square root of the grain size of the electrode 
material [20]. Thus, the grain size of the cathode active layer 
becomes smaller as the sintering temperature is lowered, and 
this increases the active TPB length between LCM, YSZ, and 
the gas phase, leading to a lower activation polarization in the 
cathode. This was also verified by the impedance spectroscopy 
data as shown in Fig. 15. The polarization resistance of the cell 
fired at 1330°C was 0.58 Qcm7?, and that of the cell fired at 
1300°C was 0.39 Qcm~?. Fig. 16 shows the polarization losses 
in the cell fired at 1300 °C. It is clearly evident that the exchange 
current density has increased and the activation polarization 
has been reduced due to the improvement of microstructures of 
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Fig. 16. Separation of the polarization losses by modeling on a cell sintered at 
1300 °C and measured with Ag mesh for the cathode current collection. 


the cathode active layer by lowering the sintering temperature 
(Table 3). 


3.6. Effect of anode porosity on the concentration 
polarization 


The binary diffusivity of hydrogen and water vapor is much 
higher than that of oxygen and nitrogen due to the lower molec- 
ular weight of the hydrogen—water vapor mixture compared to 
a mixture of oxygen—nitrogen. The diffusivities obtained from 
the curve fits also confirmed that the effective binary diffusiv- 
ity of hydrogen and water vapor in the anode is about an order 
of magnitude higher than that of oxygen and nitrogen in the 
cathode. However, since the anode (~850 wm thick) is much 
thicker than the cathode (~80 ym thick) in anode supported 
SOFCs, the contribution of the anode concentration polariza- 
tion is higher than that of the cathode, which has been clearly 
shown in the de-convolution of the polarization losses by curve 
fitting in Fig. 16. Especially at high current density, the con- 
tribution of the anode concentration polarization to the overall 
voltage losses is not negligible. The effective binary diffusiv- 
ity of the reactant and product gases in the thick porous anode 
is affected by the microstructural parameters of the anode such 
as volume fraction of pores and tortuosity, and the gas phase 
mass transfer can be enhanced by increasing the porosity in the 
anode. The anode porosities of the cells tested previously were 
maintained at ~31%; however the porosity can be increased by 
the addition of a pore former. Fig. 17 compares test results of 
cells with anode porosity of 31% and 37%. All the other pro- 
cesses and materials were maintained identical except for the 
anode porosity, and both cells were fired at 1300°C. Ag mesh 


Table 3 
Curve fitting results of the cells fired at 1300°C and 1330°C tested at 800°C 
under humidified hydrogen and air 


Fitting parameters Cell fired at 1300 °C Cell fired at 1330°C 


Ri (Q cm~?) 0.06 0.08 
Retectrolyte (2 cm7?) 0.024 (40%) 0.024 (30%) 
Retectrode (Q cm7?) 0.036 (60%) 0.056 (70%) 
io (mA cm~?) 878 567 

ias (A cm7?) 4.13 2.90 

Dif mo (cm s7!) 0.164 0.116 

ies (A cm7?) 4.68 2.91 

DS, -N> (cm? s7!) 0.032 0.020 
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Fig. 17. Cell test results at 800°C under humidified hydrogen and air for cells 
with 31% anode porosity and 37% anode porosity. 


was used for current collection on the cathode, and Ni mesh 
was used on the anode as before. These cells were tested at 
800°C under humidified hydrogen (hydrogen bubbled through 
water at 25 °C) and air. The maximum power density of the cell 
with 31% anode porosity was 1.40 W cm~?, while that of the 
cell with 37% anode porosity was 1.50 W cm~*. The impedance 
spectroscopy data in Fig. 18 shows that the polarization resis- 
tance of the cell with 31% anode porosity was 0.39 Qcm7?, 
and that of the cell with 37% anode porosity was 0.21 Qcm7?. 
According to Kim et al., the effect of concentration polarization 
persists at a very low current density, and it is not negligible 
even close to the open-circuit limit [2]. Impedance spectroscopy 
measurements were performed at open circuit potential, and it 
shows significant improvement in polarization resistance with 
increased anode porosity. The cathode microstructures of the 
two cells were essentially the same, therefore it is concluded 
that the anodic concentration polarization contributes signifi- 
cantly to the polarization resistance even under very low current 
density conditions. Table 4 shows the curve fitting results. The 
effective binary diffusivity of hydrogen and water vapor of the 
cell with 31% anode porosity is 0.164 cm? s~!, while that of the 
cell with 37% anode porosity is 0.197 cm? s7}. The effective 
binary diffusivity is a function of porosity and tortuosity of the 
electrode: 
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Fig. 18. Impedance spectroscopy measurements at open circuit potential for 
cells with 31% anode porosity and 37% anode porosity. 


Table 4 
Curve fitting results of the cells with 31% anode porosity and 37% anode porosity 
tested at 800°C under humidified hydrogen and air 


Cell with 37% 
porous anode 


Cell with 31% 
porous anode 


Fitting parameters 


Ri (2em?) 0.05 0.06 
Retectrolyte (Q em~?) 0.024 (48%) 0.024 (40%) 
Retectrode (Q cm7?) 0.026 (52%) 0.036 (60%) 
io (mA cm~?) 1090 878 

ias (A cm~?) 4.97 4.13 

De mo (cms!) 0.197 0.164 

ies (A cm~?) 4.35 4.68 

D _y, (cm? s7!) 0.030 0.032 


where V is porosity and t is tortuosity. Therefore, the effective 
binary diffusivity is proportional to the porosity of the electrode. 
In this experiment, the increase of anode porosity by 19% from 
31% to 37% (((37 — 31)/31) x 100 = 19%) is consistent with the 
20% increase in the effective binary diffusivity of the anode 
obtained from the polarization model: effective binary diffusiv- 
ity increased from 0.164 cm? s~! to 0.197 cm? s~!. This result 
also validates the polarization model used in this work. 

Figs. 19 and 20 shows J-V curves and power density data of 
the cell with 37% anode porosity measured at 800°C, 750°C, 
and 700°C with humidified hydrogen and air. The maximum 
power densities were 1.50 W cm~? at 800°C, 1.20 W cm~? at 
750°C, and 0.87 W cm~? at 700°C. 
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Fig. 19. I-V curves of the cell with 37% anode porosity measured at 800°C, 
750°C, and 700°C with humidified hydrogen and air. 
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Fig. 20. Power density curves of the cell with 37% anode porosity measured at 
800 °C, 750°C, and 700°C with humidified hydrogen and air. 


K.J. Yoon et al. / Journal of Power Sources 172 (2007) 39-49 49 


4. Conclusions 


In this work, anode-supported planar solid oxide fuel cells 
were successfully fabricated by a single step co-firing process. 
The fabrication process involved tape casting of the anode, 
screen printing of the electrolyte and the cathode, and co-firing of 
the green-state cell at 1300-1330 °C for 2 h. The cells comprised 
ofa Ni + YSZ anode, a YSZ electrolyte, an LCM + YSZ compos- 
ite cathode active layer, and an LCM cathode current collector 
layer. Cells were tested in the temperature range between 700 °C 
and 800°C under humidified hydrogen and air, and the effects 
of several parameters on the overall cell performance were stud- 
ied using a suitable polarization model. It was shown that the 
ohmic resistance associated with the contacts and the cathodic 
activation polarization is the dominant factor that limits the cell 
performance under the test conditions. The contact resistance 
was improved by the use of Ag mesh instead of Pt mesh for the 
current collection on the cathode side. The cathodic activation 
polarization can be reduced even further by the improvement 
of the microstructure of the cathode active layer through low- 
ering the sintering temperature. Further, improvement in the 
cell performance was achieved by increasing anode porosity 
and reducing anode concentration polarization. As a result, the 
maximum power density of 1.5 Wcm7? was obtained at 800°C 
under humidified hydrogen and air. To date, this is the high- 
est single cell power density reported on a cell fabricated in a 
single high temperature firing step. Further improvement of the 
cell performance can be expected by optimizing the electrode 
microstructure and composition. 
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